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,QWURGXFWLRQ
,QQRYDWLYH FDU ERG\ VWUXFWXUHV HJ IRU HOHFWULF PRELOLW\ DUH PDGH RXW RI FDUERQ ILEHUUHLQIRUFHG FRPSRVLWHV
&)53EDVHGRQLQIXVLRQWHFKQRORJLHVHJIRU%0:LRUL1HZDSSURDFKHVIRUIXQFWLRQLODOL]DWLRQRI&)53SDUWV
ZLWK WKHUPRVHW PDWULFHV DUH LQYHVWLJDWHG LQ D QXPEHU RI UHVHDUFK SURMHFWV %UXFNEDXHU HW DO  LQ H[DPSOH
LQWHJUDWH RI WKHUPRSODVWLF IRLO RQ &)53 VXUIDFH EHIRUH FXULQJ IRU HQDEOLQJ MRLQLQJ RI RQVHUWV ZLWKLQ VKRUW F\FOH
WLPHV EXW PDWHULDO FRPELQDWLRQV DUH OLPLWHG $Q DOWHUQDWLYH DSSURDFK ZDV IRXQG LQ ODVHU WHFKQRORJLHV /DVHU
WUHDWPHQW LV DOUHDG\ XVHG IRUPLFUR VWUXFWXULQJ SUHWUHDWPHQW IRU DGKHVLYH ERQGLQJ E\ %XHFKWHU HW DO  IRU
VKDIWLQJVWHSZLVHUHPRYDORIILEHUVDQGPDWUL[IRUWKHSUHSDUDWLRQRI)53UHSDLUE\)LVFKHUHWDODVZHOODV
IRUILEHUH[SRVLQJDQGIROORZLQJODVHUWUDQVPLVVLRQZHOGLQJRIGLVVLPLODUW\SHVRI)53E\$PHQGHWDO
%DVHG RQ WKHVH H[HPSODU\ KLJK SRWHQWLDO ODVHU SURFHVVHV D FRQVRUWLXP RI.UDXVV0DIIHL 7HFKQRORJLHV*PE+
%0:$*$5*(6*PE+3UHFLWHF*PE+	&R.*6HQVRUWKHUP*PE+=HLVV2SWRWHFKQLN*PE+IRUPHUO\
6WHLQELFKOHU2SWRWHFKQLN*PE+DQG WKH$DFKHQ&HQWHU IRU LQWHJUDWLYH/LJKWZHLJKW3URGXFWLRQ $=/RI5:7+
$DFKHQLVGHYHORSLQJDQLQWHJUDWHGSURFHVVFKDLQIRULQWULQVLFMRLQLQJRIWKHUPRVHWDQGWKHUPRSODVWLFFRPSRVLWHVE\
ODVHU SUHWUHDWPHQW IRU WKH VXUIDFH RI WKHUPRVHW &)53 LQ RUGHU WR VXEVHTXHQWO\ RYHUPROG WKLV VXUIDFH ZLWK
WKHUPRSODVWLFFRPSRXQG(PRQWVHWDO
)LEHU H[SRVLQJ LV D ' VXUIDFH SURFHVV ZLWKRXW GDPDJLQJ RI FDUERQ ILEHUV LQ RUGHU WR ORFDOO\ DEODWH WKH
DSSUR[LPDWHO\PWKLQHSR[\OD\HUVRWKDWWKHFDUERQILEHUVDUHH[SRVHGXSWRWKHFHQWHURIWKHWRSILEHUOD\HU
VHH ILJXUH F 7KH ILEHU H[SRVLQJ SURFHVV LV D VSHFLDO IRUP RI VXUIDFH VWUXFWXULQJ RI &)53 7KH UHVXOWLQJ
PLFURVWUXFWXUH HQDEOHV D ZHWWLQJ RI WKH MRLQLQJ SDUWQHU HJ WKHUPRSODVWLF FRPSRXQG LQ RYHUPROGLQJ SURFHVV E\
PLFURIRUP FORVXUH DQG VXUIDFH DFWLYDWLRQ )XUWKHU VSHFLILF DGKHVLRQ PHFKDQLVPV DUH DVVXPHG IRU H[DPSOH E\
UHVXOWLQJIXQFWLRQDOJURXSV
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0DWHULDODQGSURFHVV
$QDQRVHFRQGVKRUWSXOVHODVHUZDVFKRVHQEHFDXVHRILWVSRWHQWLDOIRUKLJKH[SRVLQJUDWHVSHULQYHVWPHQWFRVWV
)XUWKHUUHDVRQVIRUXVLQJDQHDULQIUDUHG1,5ODVHUVRXUFHDUHWKHHDV\LQWHJUDWLRQLQURERWJXLGHGVFDQQHUV\VWHP
DQGVXSSOHPHQWRIVHQVRUWHFKQRORJ\LQPDLQRSWLFDOSDWKRIWKHVFDQQHU%HFDXVHRIWKHLQWHUDFWLRQEHWZHHQODVHU
UDGLDWLRQDQGWKHWUHDWHGPDWHULDOKLJKO\GHSHQGVRQWKHXVHGODVHUVRXUFH:RO\QVNLHWDODQXQGHUVWDQGLQJ
RIDEODWLRQPHFKDQLVPVXVLQJDVKRUWSXOVHG1,5ODVHUVRXUFHZDVGHYHORSHGDQGZLOOEHSUHVHQWHGLQFKDSWHU
%XLOGLQJXSDPRGHOLVGRQHLQRUGHUWRPLQLPL]LQJWKHQHHGHGDPRXQWRIHQHUJ\SHUDUHDIRULQFUHDVLQJVXUIDFH
SURFHVVLQJUDWHDQGPLQLPL]LQJKHDWDIIHFWHG]RQHODWHUDOO\DQGDQDORJRXVO\LQGHSWK
2.1. Laser source 
7KH DEODWLRQSURFHVVHVZLWKQDQRVHFRQG ODVHUVZHUH SHUIRUPHGXVLQJ D 63,*RI WKH FRPSDQ\63,/DVHUV
6RXWKKDPSWRQ8.ZLWK:Ȝ QPDQGQVSXOVGXUDWLRQDWDUHSHWLWLRQUDWHRIN+]$PD[LPXP
SXOVHHQHUJ\RIP-FDQEHUHDFKHG7KHEHDPTXDOLW\RIWKHODVHUV\VWHPFDQEHFKDUDFWHUL]HGE\0ð 7KH
LQWHQVLW\RIWKHEHDPZDVJHQHUDWHGRXWRIDUDZEHDPGLDPHWHURIPPZLWKDUD\OHLJKWOHQJWKRIPDQGD
IRFDO OHQJWK RI  PP WR D IRFXV VSRW RI P ZLWK D HðLQWHQVLW\ PHDVXUHG DQG YHULILHG ZLWK D 3ULPHV
0LFUR6SRW0RQLWRUEHDPDQDO\VHU IRUGLIIHUHQW OHYHOV UHODWLYH WR IRFXVSRVLWLRQ)RUEHDPJXLGLQJD/LJKWQLQJ ,,
'LJLWDO6FDQQHU6\VWHP /,,+,3(5)PP6FDQSDFN:75&RROHG<3RI FRPSDQ\&DPEULGJH7HFKQRORJ\
&6,*URXS(XURSH*PE+3ODQHJJZDVXVHG$OOIOXHQFHVDUHDYHUDJHGYDOXHVRIWKHEHDPV¶*DXVVLDQSURILOHDQG
DUHUHIHUULQJWRWKHPHDVXUHGVSRWGLDPHWHUV
2.2. Samples 
7KH VDPSOHVXVHG IRU ODVHUSURFHVV LQYHVWLJDWLRQVDQGPRGHOYDOLGDWLRQ DUHPDGHRIFDUERQ ILEHUVDQGHSR[\
UHVLQ7KHIXOO\FURVVOLQNHGODPLQDWHVRXWRIFDUERQILEHUUHLQIRUFHGWKHUPRVHWRI WKHFRPSDQ\6*/:LHVEDGHQ
QDPHG³&).3ODWWHKRFKIHVW´ZLWKDFRQWLQXRXVRSHUDWLQJWHPSHUDWXUHRI&DQGILEHUFRQWHQWRIDUHPDGH
RI6LJUDWH[3UHSUHJ&(ZLWK(SR[LG
2.3. Directly- and indirectly-induced ablation 
,Q JHQHUDO WKHUH DUH GLUHFWO\LQGXFHG DEODWLRQ SURFHVVHV ZKLFK DFW DW WKH VXUIDFH RI D PDWHULDO DQG
LQGLUHFWO\LQGXFHGDEODWLRQSURFHVVZKHUHWKHODVHUSHQHWUDWLRQGHSWKLVKLJKHUDQGWKHDEVRUSWLRQKDSSHQVZLWKLQ
WKH PDWHULDO ZKLFK OHDGV WR SURFHVV FRQFHQWUDWLRQ RQ GHHSHU PDWHULDO LQWHUIDFHV LI WZR SKDVHV ZLWK GLIIHUHQW
DEVRUSWLRQFKDUDFWHULVWLFVH[LVW ,QFDVHRIGLUHFWO\LQGXFHGDEODWLRQ WKHRSWLFDOSHQHWUDWLRQGHSWKRI ODVHUEHDPLV
VLJQLILFDQWO\ VPDOOHU WKDQ WKHPDWHULDO WKLFNQHVV VXUIDFHDEVRUSWLRQ7KLVPHDQVPRVWHQHUJ\ LVDEVRUEHG LQ WKH
PDWUL[PDWHULDORIDFRPSRVLWHDQG OHDGV WRDDEODWLRQZKLFK LVSURSRUWLRQDO WRSXOVHQHUJ\)RUH[DPSOHSXOVHG
XOWUDYLROHWODVHUVZLWKDZDYHOHQJWKRIQPXSWRQPRUSXOVHG&2ODVHUZLWKDZDYHOHQJWKRIPXSWR
PVKRZKLJKDEVRUSWLRQFRHIILFLHQWV IRU WKHUPRVHW UHVLQV.UHOLQJDQGFDQ WKHUHIRUHEHDVVLJQHG WR
GLUHFWO\LQGXFHGDEODWLRQ
8VLQJODVHUUDGLDWLRQZLWKDZDYHOHQJWKRIQPOHDGVWRDFRPSOHWHO\GLIIHUHQWDEODWLRQPHFKDQLVPLQWKLV
FDVH 2QO\ D VPDOO DPRXQW RI WKH HQHUJ\ LV DEVRUEHG LQ WKH WKLQ HSR[\ UHVLQ ILOP EHFDXVH RI D ORZ DEVRUSWLRQ
FRHIILFLHQWRIPP)LUEDQNHWDO7KHDPRXQWRIHQHUJ\ZKLFKUHDFKHVWKHFDUERQILEHUVLVE\URXJKO\
DEVRUEHGFRPSDULVRQ WRDQDO\VLVRIHPLVVLYLW\RI WKHUPRVHWSUHSUHJE\:HUQHUHWDO %DVHGRQ WKLV
LQIRUPDWLRQLWFDQEHDVVXPHGWKDWWKHPDMRUSDUWRIWKHUDGLDWLRQWUDQVPLWWVWKHWKLQUHVLQOD\HUDQGLVDEVRUEHGDW
WKHWRSFDUERQILEHUOD\HUV7KLVOHDGVWRKLJKWHPSHUDWXUHVDWWKHILEHUHVSHFLDOO\DWWRSILEHUVXUIDFH6XEVHTXHQWO\
WKHUHVLQZKLFKLVGLUHFWO\LQFRQWDFWZLWKWKHKRWILEHULVVXEOLPDWHG±LQWKLVSDSHUDVVXPHGE\S\URO\VLV%HFDXVH
WKHUHLVQRZD\IRUWKHS\URO\VLVSURGXFWVWRGLIIXVHZLWKLQWKHVKRUWSXOVGXUDWLRQWKHSUHVVXUHZLWKLQWKHILEHUUHVLQ
LQWHUIDFH ZLOO OHDG WR PHFKDQLFDO HIIHFWV RQ WKH WKLQ UHVLQ OD\HU 7KLV DEODWLRQ FDQ WKHUHIRUH EH FDOOHG DQ
LQGLUHFWO\LQGXFHGDEODWLRQ7KHIOXHQFHSDUDPHWHUKDVWREHFKRVHQLQVXFKDZD\WKHUHVLQLVDEODWHGEXWILEHUVDUH
XQDIIHFWHGDVIDUDVSRVVLEOH$QDO\VLQJWKHSURFHVV]RQHVSODVK\SDUWLFOHVDUHYLVLEOHVHHILJXUHD,WLVDVVXPHG
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WKDWUHVLQSDUWLFHOVOLIWRIIDQGIO\WKURXJKWKHJXLGHGEHDP%DVHGRQDEVRUSWLRQFKDUDFWHULVWLFVRIWRSVXUIDFHUHVLQ
OD\HUD OLIWRII LVDVVXPHG ,QFDVHRIDQ LQGLUHFWO\LQGXFHGDEODWLRQDQXQGHVLUDEOHKHDWDIIHFWHG]RQHFDQQRWEH
DYRLGHG:HEHUHWDO


)LJ'LUHFWO\DQGLQGLUHFWO\LQGXFHGDEODWLRQSURFHVVLQJRI&)53VXUIDFHVD6SODVK\SURFHVVXVLQJ1,5VKRUWSXOVHGODVHUVRXUFHE
([HPSODU\VXUIDFHDIWHUDEODWLRQRIUHVLQOD\HUE\VKRUWSXOVHGODVHUEHDPUHFRUGHGE\5(0
7KHWKHRU\RIOLIWRIISKHQRPHQDLVGHULYHGIURPWKHDEODWLRQRIWKLQPHWDOILOPV+HUHWKHODVHUOLIWRIISURFHVVLV
FKDUDFWHUL]HG E\ D UHODWLYH VPDOO HIIHFWLYH SHQHWUDWLRQ GHSWK RI WKH ODVHU SXOVH FRPSDUHG WR WKH WKLFNQHVV RI WKH
DEVRUELQJOD\HUE\KDYLQJKLJKDEVRUSWLRQDQGXOWUDVKRUWODVHUSXOVHV7LPHUHVROYHGLQYHVWLJDWLRQVDQGVLPXODWLRQV
FRQILUP D XOWUDIDVW WKHUPDO H[SDQVLRQ GXULQJ KHDWLQJ DQG PHOWLQJ RI WKH ODVHUPDWWHU LQWHUDFWLRQ ]RQH DQG
PHFKDQLFDOEXOJLQJRIWKHWKLQILOPE\JHQHUDWLQJDVKRFNZDYHZLWKILQDOOLIWRIIDWQV'RPNHHWDO
,QGLUHFWO\LQGXFHGDEODWLRQPRGHO
7KHEDVLF LGHD RIKHUHXVHG WZR OD\HUPRGHO VHH FKDSWHU  LV WKH VHOHFWLRQRI DQRSWLPDO VFDOH RIPDWHULDO
PRGHO RQ WKH RQH KDQG 7KLV PHDQV IRFXVLQJ RQ WKH UHJLRQ RI LQWHUIDFH EHWZHHQ ILEHU DQG HSR[\ ZKHUH PRVW
UHHOYDQWPHFKDQLVPVDUHDFWLQJ2QWKHRWKHUKDQGHQDEOHVWKHFRPELQDWLRQRIVLPSOHWKHUPDOWKHUPRPHFKDQLFDO
DQGPHFKDQLFDOFDOFXODWLRQVGHVFULELQJFRPSOH[SKHQRPHQRQ
3.1. Two layer model and procedure of model 
)RUVLPSOLI\LQJWKHSURFHVVVSHFLILHGLQFKDSWHUDWZROD\HUPRGHOLVXVHG,QVWHDGRIURXQGRIWHQLUUHJXODUO\
GLVWULEXWHGFDUERQILEHUVDKRPRJHQHRXVFDUERQSODWHLVFRQVLGHUHG7KLVSODWHKDVLVRWURSLFWKHUPDOFKDUDFWHULVWLFV
7KH WKLFNQHVV RI FDUERQ ILEHU SODWH LV  P ZKLFK FRUUHVSRQGV WR WKH GLDPHWHU RI D FDUERQ ILEHU $ IXUWKHU
VLPSOLILFDWLRQLVWKDWWKHWRWDOHQHUJ\RIWKH*DXVVLDQEHDPFDQSDVVWKURXJKWKHHSR[\UHVLQZLWKRXWDQ\DEVRUSWLRQ
GXHWRWKHKLJKWUDQVPLWWDQFHRIWKHHSR[\UHVLQDQGWKHWKLQHSR[\ILOPRIDURXQGP
)LJXUH  GHPRQVWUDWHV WKHPRGHOOLQJ SURFHGXUH ,W DOVR JLYHV DQ RYHUYLHZ DERXW WKH QHFHVVDU\ IUDPHZRUN RI
HTXDWLRQVZKLFKDUHGHVFULEHGLQFKDSWHU7KHJUHHQV\PEROVGHILQHWKHFRQGLWLRQVZKLFKDUHQHFHVVDU\IRUWKH
YDOLGLW\RIWKHPRGHO,IWKHFRQGLWLRQLVQRWIXOILOOHGPRGHOLQJKDVWREHVWRSSHG$LQWHQVLW\RI:FPð
VKRXOGQRWEHH[FHHGHG7KHWHPSHUDWXUHRI.DVZHOODVDWPRVSKHULFSUHVVXUHDQGUHVLQOD\HUWKLFNQHVVKDVWR
EHH[FHHGHG7KHRXWSXWRI WKHPRGHODUHVWDWHPHQWVDERXW WKHDELOLW\RIDEODWLRQGLPHQVLRQVRI WKHDEODWLRQDQG
+$=DVZHOODVWHPSHUDWXUHV
7KH HTXDWLRQV ZKLFK DUH QHFHVVDU\ IRU FDOFXODWLQJ WKH PRGHO DUH GHVFULEHG LQ WKH IROORZLQJ FKDSWHU 7KH
GLIIHUHQWLDOHTXDWLRQVDUHVROYHGZLWK0DWODE0HDVXUHPHQWVGHVFULEHGLQFKDSWHUDUHGRQHLQRUGHU WRYDOLGDWH
WKHKHUHJHQHUDWHGPRGHOUHVXOWV
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
)LJ3URFHGXUHIRUPRGHOOLQJRIOLIWRIISKHQRPHQDE\WZRSKDVHDSSURDFKIRUSURFHVVLQJ&)53VXUIDFHVZLWKVKRUWSXOVHG1,5ODVHU
3.2. Material parameters 
7KHTXDOLW\RI UHVXOWVVLJQLILFDQWO\GHSHQGVRQ WKHTXDOLW\RI WKHPDWHULDOSDUDPHWHUV7KHSDUDPHWHUVIRXQG LQ
OLWHUDWXUH YDU\ 7KH VXEOLPDWLRQ WHPSHUDWXUH RI HSR[\ LV LPSRUWDQW IRUPRGHOOLQJ ,W FDQ YDU\ IURP . XS WR
.)RUFDUERQILEHUVWKLVYDOXHLVEHWZHHQ.DQG.7KHUHIRUHDPDWHULDOSDUDPHWHUGHILQLWLRQZLWK
WKH KLJKHVW GHJUHH RI FRYHUDJHZDV GRQH 7HPSHUDWXUHGHSHQGHQWPDWHULDO FKDUDFWHULVWLFVZLWKLQ FRQVWDQW SKDVHV
ZHUHQRWFRQVLGHUHG
7DEOH'HILQHGPDWHULDOSDUDPHWHUVIRULQGLUHFWDEODWLRQPRGHOZLWKWZRSKDVHVEDVHGRQOLWHUDWXUHUHVHDUFK
0DWHULDOSURSHUW\ &DUERQILEHU (SR[\
'HQVLW\ NJPñ NJPñ
6SHFLILFKHDWFDSDFLW\ -NJ. -NJ.
7KHUPDOFRQGXFWLYLW\ :P. :P.
(QWKDOS\RIVXEOLPDWLRQ N-NJ N-NJ
7HPSHUDWXUHRIVXEOLPDWLRQ . .
7HPSHUDWXUHRIGHJUDGDWLRQ QG .

3.3. Foundations for model 
7KHVSDWLDO UHVROXWLRQRI WKHEHDPFDXVWLFZLWK*DXVVLDQEHDPSURILO LVGHVFULEHGE\HTXDWLRQ7KH LQWHQVLW\
SURILOHLVFKDUDFWHUL]HGE\SXOVGXUDWLRQW3XOVSXOVHQHUJ\(3XOVSXOVSRZHU33XOVVSRWEHDPUDGLXVȦDQGLQWHQVLW\
,PD[7KHWLPHUHVROYHGSRZHUIRUPLVVLPSOLILHGE\DUHFWDQJXODUSURILOH
H[S 


PD[ Z
rIrI     with   
SZ 
 

PD[  Puls
PI   and   
Puls
Puls
Puls t
EP    
&DXVWLFRIEHDP
,QWHQVLW\SURILOH
,QWHJUDWLRQRI
SUHVVXUH DYHUDJH
+HDWWUDQVIHU
$EVRUSWLRQDQG
HQHUJ\FRQYHUVLRQ
After the pulse
At the end of the pulse
3\URO\VLVRIUHVLQ
6WDWLFHTXLOLEULXP
OLIWRIIRIDUHVLQFKLS
/LIWRIILVDVVXUHG
$UHDRIKHDW
DIIHFWHG]RQH
$YRLGDQFHRIFDUERQILEHU
GDPDJHWKUHVKROGIOXHQFH
3RVVLEOHDUHDRIDEODWLRQ
/LIWRIILQJHQHUDOSRVVLEOH
Not considered: 
Softening by epoxy heat-up
tepoxy < tlift-off
T > TCF = 800 K
Imax < ICF = 45.000.000 W/cm²
T > TCF = 450 K
Not considered: 
Further fracture mechanics e.g. bulging
7HPSHUDWXUH
GLVWULEXWLRQ
pcavity > patm
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3XOVHGODVHUDEODWLRQSURFHVVHVDERYHDSXOVGXUDWLRQRISLFRVHFRQGRUIHPWRVHFRQGEDVHRQHQHUJ\FRQYHUVLRQ
LQWR KHDW 7KH HQHUJ\ FRQYHUVLRQ DQG KHDW WUDQVSRUW IURP DQ LGHDO SRLQW VRXUFH DW D FDUERQ GLVN VXUIDFH FDQ EH
GHVFULEHGE\WKHGLIIHUHQWLDOHTXDWLRQVHH:HEHUHWDO7KHOHIWWHUPFRUUHVSRQGVWRWKHVWRUDJHFDSDFLW\RI
WKH FDUERQ GLVN WKH ILUVW WHUP RQ WKH ULJKW VLGH WR WKH WKHUPDO FRQGXFWLRQ ZLWKLQ WKH GLVN WKH VHFRQG WHUP WR
HPLVVLRQRIWKHGLVNWRWKHHQYLURQPHQW
 
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7KHLQLWLDODQGERXQGDU\FRQGLWLRQVDUHGHILQHGLQIRUPXOD
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T tμm    and   KTr     
7KHSDUDEROLFSDUWLDOGLIIHUHQWLDOHTXDWLRQFRUUHVSRQGVWRDWUDQVLHQW'KHDWWUDQVSRUWHTXDWLRQLQWKHGLUHFWLRQ
RISRODUFRRUGLQDWHVZLWKDQ LGHDOSRLQW VRXUFH%DHKUHWDO 7KH*DXVVLDQEHDPKDVEHHQ UHSODFHGE\DQ
ILQLWHQXPEHURI LGHDOSRLQW VRXUFHV+HDWFRQGXFWLRQ LVQHJOHFWHGGXH WR WKHKHDW WUDQVSRUWZLWKLQQVDW WKH
WKUHVKROGRIFDUERQILEHULVRQO\DERXWP%DVHGRQHTXDWLRQDQGUHVXOWLQJWHPSHUDWXUHVDOLPLWLQJLQWHQVLW\RI
ā:FPðFDQEHLGHQWLILHG$WWKLVSRLQWILEHUVVXEOLPDWHDQGWKHPRGHOLVQRWYDOLGDQ\PRUHEHFDXVHHQHUJ\
FRQYHUVLRQE\SKDVHVKLIWRIFDUERQILEHUVLVQRWLPSOHPHQWHG)XUWKHUPRUHWKHPLQLPXPLQWHQVLW\IRUVXEOLPDWLRQ
RIHSR[\KDVWREHUHDFKHG/RZIOXHQFHVZKHUHRQO\WKHFHQWHUSDUWRIWKHVSRWOLHVRYHUWKHHSR[\WKUHVKROGDUH
SUHGHVWLQDWHGWRYDOLGDWHWKHPRGHO6LPSOLILFDWLRQVDUHGRQHE\XVHRIWHPSHUDWXUHLQGHSHQGHQWWKHUPDODQGRSWLFDO
PDWHULDOSDUDPHWHUVDVZHOODVDQHJOHFWLRQRIORVVRIHQHUJ\E\SODVPD
7KHFRQQHFWLRQEHWZHHQWKHUPDODQGPHFKDQLFDOPHFKDQLVPVLVLQWHJUDWHGE\S\URO\VLVVHHHTXDWLRQ3\URO\VLV
LV D WUDQVIHU IURP VROLG WR JDVHRXV ZLWKRXW R[\JHQ LQSXW 7KLV HIIHFW ZDV DOUHDG\ XVHG IRU GHVFULELQJ VWUHVV
FRQGLWLRQVZLWKLQFRPSRVLWHVGXULQJKHDWXSZLWKFRQWLQXRXVZDYHUDGLDWLRQ'LPLWULHQNRHWDO'LPLWULHQNR
 'LPLWULHQNR  DQG 'LPLWULHQNR  %DVHG RQ WKH LGHDO JDV ODZ RI $YRJDGUR WKH JDV GHQVLW\
GHWHUPLQHGZLWK WKHGLIIHUHQWLDOHTXDWLRQFDQEHFDOFXODWHG WRJHWKHUZLWK WKHILHOGRI WHPSHUDWXUHDQGDVVXPHG
YROXPHDWWKHEHJLQQLQJRIEXOJLQJRUOLIWLQJ7KHGLIIHUHQWLDOHTXDWLRQGHVFULEHVWKHPDVVWUDQVSRUWRIJDV7KHOHIW
WHUP LV WKH DFFXPXODWHG DPRXQW RI S\URO\VLV JDV 7KH ULJKW KDQG WHUP VWDQGV IRU WKH DPRXQW RI JDV ZKLFK LV
JHQHUDWHGE\KLJKWHPSHUDWXUHVGLUHFWDIWHUWKHHQGRIWKHODVHUSXOVDVZHOODVWKHDPRXQWRIJDVZKLFKGLIIXVHV
WKURXJKWKHHSR[\%HFDXVHRIWKHPLQLPDOWKHUPDOFRQGXFWLRQZLWKLQWKHHSR[\OD\HUGXULQJVKRUWSXOVGXUDWLRQDQ\
WLPHGHSHQGHQWHIIHFWVDUHPLQLPL]HG7KHFRQVLGHUHGSODFHRIDFWLRQLVQHDUWRWKHILEHUVXUIDFH
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7KHLQLWLDODQGERXQGDU\FRQGLWLRQVDUHGHILQHGLQIRUPXODZKHUHE\UVXEPD[LPXPUDGLXVZLWK7!.LV
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  
w
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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0RVWS\URO\VLVVSHFLILFFRHIILFLHQWVXVHGIURPWKHOLWHUDWXUHRI'LPLWULHQNRHJWKHDPRXQWRIS\URO\VLV
YROXPH LQFRPSRVLWHĳJ ĳ DQG WKHJDVLILFDWLRQFRHIILFLHQWRIHSR[\ī(3 DVZHOO DV

EPJ  ā
NJPñV
7KHOLIWRIISKHQRPHQDRIDUHVLQFKLSUHTXLUHVDWOHDVWDWRWDOSUHVVXUHLQWKHUHVLQILEHUFDYLWL\RYHUDWPRVSKHULF
SUHVVXUHRIEDU3D%HFDXVHWKHILHOGRISUHVVXUHLVVLJQLILFDQWO\GHSHQGLQJRQWHPSHUDWXUHPD[LPXP
SUHVVXUHLVZKHUHWKHKLJKHVWWHPSHUDWXUHSURILOHDWWKHHQGRIWKHSXOVHH[LVWV7KHDYHUDJHGS\URO\VLVSUHVVXUH3'
LQFDYLW\FDQEHFDOFXODWHGE\DQLQWHJUDORYHUWKHFLUFXODUVSRWDUHDLQHTXDWLRQ


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r
D r
rdrrP
P
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S
S³
    
,W LV DVVXPHG WKDWPHFKDQLFDO HIIHFWV DFW LQ DYHU\ VKRUW WLPHSHULRGZKLFKPDNHV D VLPSOLILFDWLRQ WR D VWDWLF
SUREOHPIHDVLEOH ,Q WKDWFDVHDVWDWLFHTXLOLEULXPRIIRUFHV LQ]GLPHQVLRQUHJDUGLQJHTXDWLRQ LVSRVVLEOHEXW
VKRXOGEHXQGHUVWRRGDV³VDIH´DVVHVVPHQW,WLVDVVXPHGWKDWVKHDUVWUHVVLVWKHGRPLQDWLQJPHFKDQLFDOHIIHFWIRU
OLIWRII2IFRXUVHDGKHVLRQWRILEHUVEXOJLQJRIFKLSEHQGLQJRIFKLSDQGWHQVLRQVWUHVVHVDORQJWKHFKLSDUHKDSSHQ
VLPXOWDQHRXVO\LQUHDOLW\)XUWKHUPRUHWKHH[LVWHQFHRIVKRFNZDYHVFDOOHGE\'RPNHHWDOHJE\LQWHUQDO
WKHUPDOVWUHVVHVFDQQRWEHH[FOXGHG
  PD[  thrPPr SubSuDSub   SVS    
,IDOLIWRIIKDVWRRFFXUHWKHFDYLWL\SUHVVXUHUHODWLYHWRDWPRVSKHULFSUHVVXUHVKRXOGEHKLJKHQRXJKIRUVXUSDVV
WKHUHVLVWDQFHDJDLQVWVKHDULQJWKHFKLS7KLVUHVLVWDQFHLVGHSHQGLQJRQUHVLQOD\HUWKLFNQHVVDQGVKHDUVWUHQJWKıVRI
WKH UHVLQ 7KH ORZHVWPD[LPXP UHVLQ WKLFNQHVV WKPD[ FDQ EH FDOFXODWHG EDVHG RQ WKH HTXLOLEULXP5HGXFWLRQ RI
VKHDU VWUHQJWK E\ KHDW LV QHJOHFWHG 1RWH WKH VKHDU VWUHQJWK RI FURVVOLQNHG HSR[\ UHVLQV YDU\ IURP  03D
'LPLWULHQNRXSWR03D1HWUDYDOLHWDO

)RUGHWHUPLQDWLRQRIWKHODWHUDOGLPHQVLRQRIWKHKHDWDIIHFWHG]RQHWKHWKHUPDOFRQGXFWLRQRIKHDWDWFDUERQILEHU
VXUIDFH DIWHU WKH HQG RI WKH SXOVH LV LPSRUWDQW ,Q UHODWLRQ WR HTXDWLRQ  WKH LQLWLDO DQG ERXQGDU\ FRQGLWLRQV DUH
DGMXVWHGWRGHVFULEHDWKHUPDOHQHUJ\EDODQFLQJZLWKRXWH[WHUQDOLQSXWFRPSDUH:HEHUHWDO
  nsr trTT  ,    
  
w
w
r
T tμm     and      
w
w
r
T tμm   
%HFDXVH RI WKH FRQILQHG ODVHU DEODWLRQ FRPSDUH 'RPNH HW DO  ± DEVRUSWLRQ RQ WRS FDUERQ ILEHU OD\HU
ZLWKRXWGHVWUR\LQJRIFDUERQILEHUV±WKHUHDUHGLIILFXOWLHVLQGHWHUPLQDWLRQRIKHDWDIIHFWHG]RQHLQVDPHGLUHFWLRQ
DVODVHUEHDP±KHUHGHSWK±FRPSDUHDQDO\]LQJRI+$=GXULQJODVHUFXWWLQJE\5RVHHWDO
0RGHOOUHVXOWV
([HPSODU\WKHPRGHOLVDSSOLHGIRUWKHHYDOXDWLRQRIFKDQJHLQIOXHQFHE\VSRWGHIRFXVLQJ$YDULDWLRQRIVSRW
GLDPHWHUE\JRLQJRXWRIHIIHFWLYHIRFDOVSRWDUHDLVFKRVHQ0RWLYDWHGIRULQFUHDVLQJWKHDUHDRULHQWHGDEODWLRQUDWHV
DQG LGHQWLILFDWLRQRIPLQLPXPSXOV HQHUJ\ WKHH[LVWDQFHRI OLPLWLQJHIIHFWV VKRXOGEH LGHQWLILHG IRU H[DPSOH WKH
LQFUHDVLQJ RI +$= LQ ZLGWK *DXVVLDQ YV IODWWRS SURILOH E\ WKH GLOHPPD RI RYHUFRPH WHPSHUDWXUH LQWHUYDO
EHWZHHQ . DQG . ([SDQGLQJ VSRWV DUH DWWUDFWLYH IRU LPSURYHPHQW RI KRPRJHQL]DWLRQ DQG LQFUHDVLQJ
DFFXUDF\IRURQJRLQJPHDVXUPHQWVRIDEODWLRQFUDWHU7KHPRGHOUHVXOWVLQILJXUHDUHJHQHUDWHGZLWKWKHIROORZLQJ
1354   Michael Emonts et al. /  Physics Procedia  83 ( 2016 )  1347 – 1356 
LQSXWGDWDSXOVOHQJWKRIQVSXOVHQHUJ\RIP-DQGVSRWGLDPHWHUVRIPIRU-FPðPIRU
-FPðDQGPIRU-FPð
$HIILFLHQWVHOHFWLRQRIDOORZHGIOXHQFHVIRUILEHUH[SRVLQJFDQEHGRQHEDVHGRQWKHWKUHVKROGRIVXEOLPDWLRQRI
FDUERQILEHU3HDN LQWHQVLW\RIDYDOLGEHDPSURILOHPD\QRWEHDERYH WKHVHYDOXH7KHGLDJUDPPDW WKH WRSULJKW
LOOXVWUDWHVUHVXOWLQJWHPSHUDWXUHV LQ WKHILEHUUHVLQLQWHUIDFH7KHFRUUHVSRQGLQJGLDJUDPPDW WKHERWWRQVKRZVWKH
UHVXOWLQJ SUHVVXUH JHQHUDWHG E\ S\URO\VLV )RU YDOLGDWLRQ RI WKH PRGHO LV HVSHFLDOO\ WKH ORZHVW JUDSK ZLWK WKH
IOXHQFH-FPðRILQWHUHVW7KHUHWKHDYHUDJHGSUHVVXUHDWN3DLVEHORZN3D±WKHDWPRVSKHULFSUHVVXUH
7KLVVKRXOGOHDGWRDXQVWDEOHDEODWLRQSURFHVVZLWKLQEHVWFDVHRQO\SDUWLDODEODWLRQRYHUODVHUVSRW


)LJ5HVXOWVEDVHGRQWKHPRGHOLOOXVWUDWHGLQEHDPLQWHQVLW\WHPSHUDWXUHDWFDUERQGLVNDQGSUHVVXUHZLWKLQWKHILEHUQHDUHSR[\
'XULQJSXOVDEVRUSWLRQDJUHDWTXDQWLW\RIJDVHV LVJHQHUDWHG LQ WKH LQWHUIDFHEHWZHHQILEHUVDQGHSR[\ZKLFK
PDNHV LW SRVVLEOH WR EH KHDWHG XS DQG FUHDWLQJ FRQVLGHUDEOH SRUH SUHVVXUH 7KH OHYHO RI SRUH SUHVVXUH GXULQJ
LQGLUHFWO\LQGXFHGODVHUDEODWLRQLQWKHVSRWFHQWHUFDQEHDVKLJKDVEDU7KHVHSUHVVXUHVKDYHWREHH[LVWLQJIRUD
DVVXPHGSXUHOLIWRIIE\VKHDULQJRIDPWKLFNFKLSV
'LVFXVVLRQDQGYDOLGDWLRQRIPRGHO
([SHULPHQWV IRUYDOLGDWLRQZHUHGRQHZLWKDSXOV IUHTXHQFHRIN+]EHDPVSHHGRIPVSXOV OHQJWKRI
QV DQGSXOV HQHUJ\RIP- IRU SURYRFDWLRQRI VLQJOH FUDWHUV%\XVLQJ DQRSWLFDOPLFURVFRSH9+;RI
.H\HQFH 1HX,VHQEXUJ *HUPDQ\ WKH IROORZLQJ DVSHFWV ZHUH PHDVXUHG DUHD RI WKH WKLQ WRS UHVLQ OD\HU ZLWK
WXUELGLW\DVVXPHGDVKHDWDIIHFWHG]RQHDUHDRIVWURQJFDUERQILEHUGHJUDGDWLRQDQGDUHDRIILEHUH[SRVLQJ7KH
UHVXOWVRIWKHH[SHULPHQWVDUHVKRZQLQILJXUHWRJHWKHUZLWKWKHUHVXOWVIURPWKHPRGHO
7KH FDOFXODWLRQ UHVXOWV RI DEODWLRQ DUHD DQG +$= LV FORVH WR UHVXOWV LQ H[SHULPHQWV 6LJQLILFDQW GHYLDWLRQV
EHWZHHQPRGHODQGH[SHULPHQWVRQO\H[LVWVLIDYHUDJHSUHVVXUHLVQRWRYHUDWPRVSKHULFSUHVVXUHVHH-FPð,I
WKLVUHTXLUHPHQWLVQRWIXOILOOHGQRUHSURGXFLEOHDEODWLRQLVKDSSHQ)XUWKHUPRUHLQWKLVFDVHWKHODUJHVWDPRXQWRI
WKH VSRW DUHD FDQ EH GHILQHG DV +$= %DVHG RQ WKLV REVHUYDWLRQ WKH LQWHJUDWLRQ RI WKH SUHVVXUH FDOFXODWLRQ LV
LPSRUWDQWEHFDXVHSXUHO\WKHUPDOFDOFXODWLRQVGRHVQRWLQGLFDWHWKHSURFHVVLQVWDELOLW\DWORZIOXHQFHV

(
(
(
(
(
(
       
,Q
WH
QV
LW\
>:
P
ð@
5DGLXV>P@
*HP)OXHQ]-FPð *HP)OXHQ]-FPð
*HP)OXHQ]-FPð *HP)OXHQ]-FPð
*HP)OXHQ]-FPð *HP)OXHQ]-FPð
Threshold for sublimation 
of carbon fiber
)OXHQFH  -FPð
)OXHQFH  -FPð
Threshold for 
sublimation of epoxy
)OXHQFH  -FPð
)OXHQFH  -FPð
)OXHQFH  -FPð
)OXHQFH  -FPð








       
7H
P
SH
UD
WX
UH
>.
@
5DGLXV>P@
*HP)OXHQ]-FPð
*HP)OXHQ]-FPð
*HP)OXHQ]-FPð
6XEOLPDWLRQVWHPSHUDWXU
GHU0DWUL[









     
3U
HV
VX
UH
>0
3D
@
5DGLXV>P@
*HP)OXHQ]-FPð
*HP)OXHQ]-FPð
*HP)OXHQ]-FPð
6XEOLPDWLRQRIHSR[\
)OXHQFH  -FPð
)OXHQFH  -FPð
)OXHQFH  -FPð

'HJUDGDWLRQRIHSR[\
)OXHQFH  -FPð
)OXHQFH  -FPð
)OXHQFH  -FPð
Potential for higher HAZ
Atmospheric 
pressure
$YHUDJHGSUHVVXUHN3D
$YHUDJHGSUHVVXUHN3D
$YHUDJHGSUHVVXUHN3D
 Michael Emonts et al. /  Physics Procedia  83 ( 2016 )  1347 – 1356 1355
$QH[SDQGLQJRIVSRWGLDPHWHUPHDQVDQH[SDQGLQJRIFURVVLQJSRLQWVEHWZHHQWKHWHPSHUDWXUHSURILOHDQGWKH
.DVZHOODVWKH.UHIHUHQFHOLQHVHHILJXUH7KHH[HPSODU\SLFWXUHVLQILJXUHSURYHWKLVILQGLQJ%DVHG
RQ WKHVH LQYHVWLJDWLRQV IRU LQGLUHFWO\LQGXFHG DEODWLRQ D QHDUWRSIODW LQWHQVLW\ SURILOH ZRXOG EH GHVLUDEOH
&DOFXODWLRQVEDVHGRQHTXDWLRQDERXWWKHUPDOFRQGXFWLRQDIWHUWKHHQGRIWKHSXOVHXQGHUOLQHWKHORZLQIOXHQFHRI
H[SDQGLQJ+$=DWORZIOXHQFHV7KHUHDVRQLVWKHUHODWLYHORZDPRXQWRIDFFXPXODWHGHQHUJ\LQWKHFDUERQILEHU
WRSOD\HULQWKHFHQWHURIWKHVSRWDWWKHVHORZIOXHQFHV


)LJ9DOLGDWLRQRIPRGHOEDVHGRQH[SHULPHQWVIRULQGLUHFWLQGXFHGDEODWLRQZLWKVKRUWSXOVHG1,5ODVHU
7KHLQYHVWLJDWLRQVGLVFORVHDQDFFHSWHGDYHUDJHIOXHQFHRI-FPðXSWR-FPðZLWKWKHODVHUV\VWHPGHVFULEHG
DERYH $OVR IRU RWKHU ODVHU VRXUFHV D IOXHQFH RI  -FPð JXDUDQWHH ZHOO SURFHVVLQJ VHH .UHOLQJ HW DO 
$GGLWLRQDOLQWKLVUDQJHRIIOXHQFHVKLJKVKHDUVWUHQJWKVFRXOGEHUHDFKHGEHWZHHQSUHWUHDWHGWKHUPRVHW&)53DQG
VXEVHTXHQWO\RYHUPROGHGWKHUPRSODVWLFFRPSRXQGV)LVFKHUHWDODQG:UWHOHHWDO
&RQFOXVLRQ
,QYHVWLJDWLRQVRQWKHLQGLUHFWO\LQGXFHGODVHUDEODWLRQOHDGWRIRXUUHTXLUHPHQWVZKRVHIXOILOOPHQWLVHVVHQWLDOIRU
ZHOOVHOHFWHGSURFHVVSDUDPHWHUVXVLQJVKRUWSXOVHG1,5ODVHUVRXUFHV$ILEHUIDLU WKHUPRPHFKDQLFDOUHPRYDORI
WKLQWRSUHVLQOD\HUFDQEHDQDO\WLFDOGHVFULEHGLI
x WKHLQWHQVLW\GLVWULEXWLRQRIDODVHUSXOVHLVORFDWHGFRPSOHWHO\EHORZWKHILEHUGDPDJHWKUHVKROG
x WKH*DXVVLDQEHDP]RQHZLWKDWHPSHUDWXUHRIPRUHWKDQ.DWWKHWRSRIWKHFDUERQILEHUOD\HUGLUHFWO\DIWHU
WKHSXOVHGXUDWLRQLVH[LVWLQJSRWHQWLDOILEHUH[SRVLQJDUHD
x WKHDYHUDJHGSUHVVXUHE\S\URO\VLVLQILEHUQHDUUHJLRQRIUHVLQLVJUHDWHUWKDQWKHDWPRVSKHULFSUHVVXUH
x WKHDFWXDOWRSUHVLQOD\HUWKLFNQHVVLVVPDOOHUWKDQWKHPD[LPXPOLIWDEOHOD\HUWKLFNQHVV

7KHLQWHJUDWLRQRIWKHSUHVVXUHFDOFXODWLRQLVLPSRUWDQWEHFDXVHSXUHO\WKHUPDOFDOFXODWLRQVGRHVQRWUHYHDOWKH
SURFHVVLQVWDELOLW\DWORZIOXHQFHV7KHUHDUHORZGHYLDWLRQVEHWZHHQH[SHULPHQWVDQGPRGHOLQWKHUDQJHRIDYHUDJH
IOXHQFHV RI  -FPð XS WR  -FPð 7KHUHZLWK WKH YDOLGLW\ RI WKH PRGHO LV FRQILUPHG IRU WKLV UDQJH RI DYHUDJH
IOXHQFHVDOWKRXJKSRWHQWLDOIRURSWLPL]DWLRQLVVWLOOH[LVWLQJ1RQHWKHOHVVWKHPRGHOFDQEHXVHGJHQHUDWLQJIXUWKHU
ILQGLQJVIRUH[DPSOHUHJDUGLQJLQIOXHQFHRISXOVGXUDWLRQ
)XUWKHUYDOLGDWLRQRIPRGHOZLOO IROORZHJE\ WLPHUHVROYHG LQYHVWLJDWLRQV7KHVH LQYHVWLJDWLRQVZLOO LGHQWLI\
IXUWKHU GHWDLOV DERXW WLPH VHTXHQFH RIPHFKDQLVPV DQG GHWDLOV RIPHFKDQLFKDO HIIHFWV HJ IUDFWXUHPHFKDQLFV RU
UHGXFWLRQRIHSR[\VKHDUVWUHQJWKDWKLJKHU WHPSHUDWXUHV$OVR WKHH[LVWHQFHRISODVPDKDV WREH LQYHVWLJDWHGIRU
LQGLUHFWO\LQGXFHGDEODWLRQ
7KHFRQILQHGDEODWLRQSURFHVVOLPLWVWKHSRVVLELOLWLHVLQDQDO\]LQJHIIHFWVRI+$=LQGHSWK)XWXUHLQYHVWLJDWLRQV
ZLWKWKHDLPRIUHVHDUFKWKH+$=HIIHFWVLQGLPHQVLRQRIGHSWKDQGLQIOXHQFHRIILEHUGHVWUR\LQJLVRQO\SRVVLEOHE\
WKH LPSOHPHQWDWLRQ RI KHUH XVHG GLIIHUHQWLDO HTXDWLRQV LQ D )(0 VLPXODWLRQ 7KLV KDV WR LQFOXGH WKH
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WKHUPRPHFKDQLFDOHIIHFWVDVZHOODVWKHJHQHUDWLRQRIDLQKRPRJHQHRXVPRGHOEDVHGRQUHVLQDQGUHDOVFDOHFDUERQ
ILEHUVVHH1HJDUHVWDQLHWDORU:DQJHWDO
$FNQRZOHGJHPHQWV
7KH DXWKRUV WKDQN WKH *HUPDQ 0LQLVWU\ RI (GXFDWLRQ DQG 5HVHDUFK %0%) IRU WKH VXSSRUW RI WKH UHVHDUFK
DFWLYLWLHVZLWKLQWKHSURMHFW2372/LJKWIXQGLQJUHIQR16SHFLDOWKDQNVJRHVWRWKHSURMHFWSDUWQHUV
DQGDOO$=/SDUWQHULQVWLWXWHVRI5:7+$DFKHQ8QLYHUVLW\IRUWKHVXSSRUWDQGVXFFHVVIXOFRRSHUDWLRQLQSDUWLFXODU
)UDXQKRIHU,QVWLWXWHIRU3URGXFWLRQ7HFKQRORJ\,37DQG,QVWLWXWHRI3ODVWLFV3URFHVVLQJ,.9LQ,QGXVWU\DQGWKH
6NLOOHG&UDIWVDW5:7+$DFKHQ8QLYHUVLW\
5HIHUHQFHV
$PHQG 3 )ULFN 7 3LOODFK % 6FKPLGW 0  /DVHU%DVHG +RW0HOW %RQGLQJ RI 7KHUPRVHWWLQJ *)53 /DVHU $VVLVWHG 1HW 6KDSH
(QJLQHHULQJ/$1(3K\VLFV3URFHGLD(OVHYLHU%9
%DHKU+'6WHSKDQ.:lUPHXQG6WRIIEHUWUDJXQJ$XIODJH6SULQJHU%HUOLQ+HLGHOEHUJ
%UXFNEDXHU3:HLODQG)%HLHU8'UHFKVOHU.&KDUDFWHUL]DWLRQRIWKHUPRSODVWLFWKHUPRVHWFRPELQDWLRQV±SRWHQWLDODSSOLFDWLRQIRU
MRLQLQJ6$03((XURSH&RQIHUHQFH$PLHQV)UDQFH6HSWHPEHU
%XHFKWHU()UDXHQKRIHU0.UHOLQJ6/DVHU]XU9RUEHKDQGOXQJEHLP.OHEHQYRQ&).,Q000DVFKLQHQPDUNW6RQGHUDXVJDEH-XQL
9RJHO%XVLQHVV0HGLD:XHU]EXUJ
'LPLWULHQNR<X ,(SLIDQRYVNLL ,6 'HIRUPLQJ DQG VWUHQJWKRI GHVWUXFWLQJ WKHUPDO SURWHFWLYHPDWHUDLOV DW KLJK WHPSHUDWXUHV0HFK
&RPSRV0DWHU1R
'LPLWULHQNR<X,'HVWUXFWLRQRIFRPSRVLWHPDWHULDOVDWKLJKWHPSHUDWXUHVDQGILQLWHVWUDLQV0HFK&RPSRV0DWHU1R
'LPLWULHQNR<X,7KHUPRPHFKDQLFDOEHKDYLRXURIFRPSRVLWHPDWHULDOVDQGVWUXFWXUHVXQGHUKLJKWHPSHUDWXUHV,0DWHULDOV&RPSRVLWHV
3DUW$9RO
'LPLWULHQNR<X,7KHUPRPHFKDQLFDOEHKDYLRXURIFRPSRVLWHVXQGHUORFDOLQWHQVHKHDWLQJE\LUUDGLDWLRQ&RPSRVLWHV3DUW$±

'RPNH01RELOH/5DSS6(LVHOHQ66RWURS-+XEHU+36FKPLGW08QGHUVWDQGLQJWKLQILOPODVHUDEODWLRQ7KHUROHRIWKH
HIIHFWLYH SHQHWUDWLRQ GHSWK DQG WKH ILOP WKLFNQHVV 3URFHHGLQJV RI WK ,QWHUQDWLRQDO &RQIHUHQFH RQ 3KRWRQLF 7HFKQRORJLHV /$1( 
(OVHYLHU%93K\VLFV3URFHGLD±
(PRQWV0)LVFKHU.6FKPLWW66FKDUHV5,QWULQVLFMRLQLQJRILQFRPSDWLEOHILEHUUHLQIRUFHGSODVWLFVE\SKRWRQLFV3URFHHGLQJVRI
WK,QWHUQDWLRQDO&RQIHUHQFHRQ&RPSRVLWH0DWHULDOV,&&0&RSHQKDJHQ'HQPDUN±-XO\
)LVFKHU).UDFKW'6WXWH89RHONHUPH\HU)/DVHUEDVHGDSSURDFKIRUERQGHGUHSDLURIFDUERQILEHUUHLQIRUFHGSODVWLFV3URFHHGLQJV
RIWKH/DVHULQPDQXIDFWXULQJ&RQIHUHQFH3K\VLFV3URFHGLD(OVHYLHU%9
)LVFKHU.(PRQWV06FKPLWW66FKDUHV5 ,QWULQVLVFKH)XQNWLRQDOLVLHUXQJHQGORVIDVHUYHUVWlUNWHU'XURSODVWHPLW7KHUPRSODVWHQ
3URFHHGLQJVRIWK,.9.ROORTXLXP$DFKHQ*HUPDQ\
)LUEDQN02GD0'HOS\'7$QLPSURYHGGHVLJQIRUDVWDEOHDQGUHSURGXFLEOHSKDQWRPPDWHULDOIRUXVHLQQHDULQIUDUHGVSHFWURVFRS\
DQGLPDJLQJ3K\V0HG%LRO
.UHOLQJ 6 )LVFKHU )  (LQVDW] YRQ /DVHUVWUDKOXQJ EHL GHU 5HSDUDWXU YRQ )DVHUYHUEXQGVWUXNWXUHQ 5HSRUW GHV ,QVWLWXWV IU )JH XQG
6FKZHLWHFKQLNLIVGHU78%UDXQVFKZHLJ-DKUJDQJ$XVJDEH
.UHOLQJ6*HSXOVWHZHOOHQOlQJHQNRQYHUWLHUWH)DVHUODVHUIUGLH2EHUIOlFKHQPRGLILNDWLRQXQG3UIXQJYRQ/HLFKWEDXZHUNVWRIIHQ3URMHFW
SUHVHQWDWLRQ*(:2/9HUEXQGWUHIIHQ3KRWRQLVFKHU/HLFKWEDX6WDGH
1HJDUHVWDQL56XQGDU06KHONK0$0DWLYHQJD3/L//L=/&KX3/=KHQJ+</LP*&1XPHULFDOVLPXODWLRQRIODVHU
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,QWHUIDFLDO6KHDU6WUHQJWK6WXGLHV8VLQJWKH6LQJOH)LODPHQW&RPSRVLWH
7HVW,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9RO1R
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:UWHOH 0 (PRQWV 0 )LVFKHU . 6FKDUHV 5 6FKPLWW 6 .RJHO+ROODFKHU 0 +DUWPDQ 0 .UL] -  +\EULGHU 'XURSODVW
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